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W e h a v e a n a l y z e d Lunar Laser R a n g i n g (LLR) data acquired b e t w e e n 1970 
a n d ear ly 1994. T h e observat ions are taken from the usua l f ive sites: M c D o n a l d (three 
loca t ions ) , G r a s s e a n d Haleaka la ; s o m e n o r m a l p o i n t s a n d qu ick- look returns from 
Wettze l l are a d d e d to test their qual i ty . Al l in all m o r e than 8500 LLR m e a s u r e m e n t s 
are u s e d . 

In a first s t ep out l i ers h a v e b e e n e l i m i n a t e d . T h e n w e p e r f o r m e d a least-
squares fit t o w e i g h t e d o b s e r v a t i o n s a n d d e t e r m i n e d the p a r a m e t e r s of the Earth-
M o o n System. 

T h e e p h e m e r i s of the M o o n a n d the p l a n e t s are c o m p u t e d w i t h o u r o w n 
e p h e m e r i s p r o g r a m ; the lunar l ibrat ions w e r e in tegrated s i m u l t a n e o u s l y . The initial 
v a l u e s for t h e Integration are taken from the e p h e m e r i s DE200. A deta i led descr ipt ion 
of our analys i s m o d e l is g i v e n e.g. in Muel ler et al. (1991) or Muel ler et al. (1992). 

T h e c o n s t a n t s a d o p t e d for t h e c o m p u t a t i o n s are t h o s e o f t h e I A U 
r e c o m m e n d a t i o n s resp . the IERS Standards (1992); h o w e v e r s o m e nuta t ion coeff icients 
had b e e n c h a n g e d b y in troduc ing better v a l u e s (e.g. for the 9-year, the annual , the half-
year a n d the ha l f -month coefficients) . 

T h e Stat ion c o o r d i n a t e s h a v e b e e n correc ted for p l a t e m o t i o n ( N U V E L 
N N R - 1 m o d e l ) ; the b a s e e p o c h for p late m o t i o n is D e c e m b e r 1 0 , 1 9 9 1 (MJD 48600) . For 
s o m e s tat ions clock b iases h a v e b e e n es t imated . 

T h e Earth or ienta t ion parameters are taken from a Solut ion g e n e r a t e d b y 
R. Gross ca l led SPACE93; they are in troduced as a priori v a l u e s in our LLR m o d e l a n d 
wi l l b e i m p r o v e d in a s e c o n d step. 

IERS(1994) Technical Note No 17. 



M-2 

T h e p a r a m e t e r s d e t e r m i n e d a r e S ta t ion c o o r d i n a t e s ( r e l a t i v i s t i c g e o c e n t r i c 
f r a m e ) , r e f l ec to r c o o r d i n a t e s ( re la t iv i s t i c s e l e n o c e n t r i c f r a m e ) , p o s i t i o n a n d v e l o c i t y of 
t h e E a r t h - M o o n b a r y c e n t e r for o n e e p o c h , p o s i t i o n a n d v e l o c i t y of t h e l u n a r b a r y c e n t e r 
for a n in i t i a l e p o c h , p h y s i c a l l i b r a t i o n a n g l e s a n d a n g u l a r ve loc i t i e s for t h i s e p o c h , t h e 
l o w e s t m a s s m u l t i p o l e m o m e n t s of t h e M o o n , t h e m a s s of t h e E a r t h - M o o n S y s t e m , 
t h e l u n a r L o v e n u m b e r a n d o n e d i s s i p a t i o n p a r a m e t e r , t h e l a g a n g l e ( l u n a r t i d a l 
a c c e l e r a t i o n ) , a c o r r e c t i o n t o t h e l u n i - s o l a r p r e c e s s i o n c o n s t a n t a n d t h e f o u r ( t w o i n -
p h a s e a n d t w o o u t - o f - p h a s e ) coef f ic ien ts of t h e 18.6 y e a r n u t a t i o n p e r i o d ; for t h e m 
c o n s t r a i n t s i n d i c a t e d i n W i l l i a m s et al. (1991) h a v e b e e n u s e d . B e s i d e s t h e s e 
p a r a m e t e r s r a t e s for U T l a n d p o l a r m o t i o n h a v e b e e n e s t i m a t e d . 

T h e p o s t - f i t r e s i d u a l s a r e a n a l y z e d b y t h e d a i l y - d e c o m p o s i t i o n m e t h o d 
( D i c k e y et al, 1985) t o o b t a i n i m p r o v e d v a l u e s for UTO-UTC a n d V a r i a t i o n of l a t i t u d e 
( V O L ) fo r e a c h r e f l e c t o r S t a t i on p a i r o n e v e r y n i g h t for w h i c h su f f i c i en t d a t a a r e 
a v a i l a b l e (at l e a s t t w o n o r m a l p o i n t s p e r n i g h t a r e n e e d e d ) ; t h e t i m e s p a n b e t w e e n t h e 
first a n d t h e l a s t n o r m a l p o i n t h a s t o b e 1.5 h o u r s ( in s o m e c a s e s a c o v e r a g e of o n l y 
1 h o u r w a s a c c e p t e d ) . 1507 p a i r s w e r e f o u n d . I n a f u r t h e r s t e p t h e b a d o n e s h a v e b e e n 
e l i m i n a t e d a n d t h e o t h e r s h a v e b e e n s m o o t h e d u s i n g a s p l i n e f i l ter . T h e s e r i e s of 
E a r t h r o t a t i o n p a r a m e t e r s (UTO-UTC a n d V O L ) h a v e b e e n p r o v i d e d t o t h e I E R S 
C e n t r a l b u r e a u , d e s i g n a t e d EOP(FSG) 94 M 0 1 . 

T h e s e i m p r o v e d v a l u e s for t h e E a r t h r o t a t i o n h a v e b e e n u s e d in a f u r t h e r 
i t e r a t i o n of t h e g l o b a l a d j u s t m e n t of t h e L L R d a t a . T h e f ina l r e s u l t s for t h e S ta t ion 
c o o r d i n a t e s h a v e b e e n p r o v i d e d t o t h e I E R S C e n t r a l B u r e a u . I t s d e s i g n a t i o n is 
S S C ( F S G ) 9 4 M 0 1 . 

B e s i d e s t h e p a r a m e t e r s s e n t t o t h e I E R S a l o t of o t h e r s h a v e b e e n 
d e t e r m i n e d a n d a r e a v a i l a b l e o n r e q u e s t . T o t h e s e p a r a m e t e r s b e l o n g t h e m a i n 
p a r a m e t e r of t h e E a r t h - M o o n S y s t e m m e n t i o n e d a b o v e a n d r e l a t i v i s t i c q u a n t i t i e s l i k e 
t h e m e t r i c p a r a m e t e r s g a m m a a n d b e t a , t h e N o r d t v e d t p a r a m e t e r e t a ( s t r o n g 
e q u i v a l e n c e p r i n c i p l e ) , t h e g e o d e t i c p r e c e s s i o n of t h e l u n a r o rb i t , t h e t i m e Var ia t ion of 
t h e g r a v i t a t i o n a l c o n s t a n t , o n e p a r a m e t e r for t e s t i n g N e w t o n ' s i n v e r s e S q u a r e l a w a n d 
o n e p a r a m e t e r i n d i c a t i n g a v i o l a t i o n of spec i a l r e l a t i v i t y . 

A c k n o w l e d g e m e n t s . W e w i s h t o a c k n o w l e d g e a n d t h a n k t h e staffs of C e r g a , H a l e a k a l a , 
a n d M c D o n a l d O b s e r v a t o r y for p r o v i d i n g t h e n o r m a l p o i n t s . W e w i s h t o t h a n k R. 
G r o s s f r o m JPL for p r o v i d i n g h i s s e r i e s of E a r t h r o t a t i o n p a r a m e t e r s . S u p p o r t f r o m t h e 
D e u t s c h e F o r s c h u n g s g e m e i n s c h a f t is g r a t e fu l l y a c k n o w l e d g e d . 
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f r o m L u n a r L a s e r R a n g e s , Astron. Astrophys., 2 4 1 , L9-L12 

S u m m a r y d e s c r i p t i o n o f t h e t e r r e s t r i a l S y s t e m a t t a c h e d to t h e s e t of S t a t ion c o o r d i n a t e s 
S S C ( F S G ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n Ident i f ie r : 

4 - S o f t w a r e u s e d : 

5 - Re l a t i v i t y sca le : 

6 - P e r m a n e n t t i d a l c o r r e c t i o n on Sta t ion 

7 - T e c t o n i c p l a t e m o d e l : 

8 - V e l o c i t y o f l i g h t ( C ) : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M o ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d P a r a m e t e r s : 

12 - De f in i t i on of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : 

L L R 

F S G / T e c h n . U n i v . M u n i c h 

SSC(FSG) 94 M 01 

FSG LLR Sof tware 

G e o c e n t r i c 

N o 

N U V E L N N R - 1 

299792.458 k m / s e c 

ad jus t ed : 398600.448 k m ^ / s e c 2 

(geocen t r i c ) 

D e c e m b e r 1 0 , 1 9 9 1 ( M J D 48600) 

c a r t e s i a n c o o r d i n a t e s of s t a t i o n s x , y , z 
( ra tes f ixed) 

G e o c e n t e r (cen te r of m a s s ) 

E O P f rom 1970 to 1994 t a k e n f r o m 
S P A C E 9 3 ( a l i gned w i t h IERS S y s t e m ) 

C o n s t r a i n e d t o N U V E L N N R - 1 ; 
e s t i m a t i o n of U T l a n d p o l a r m o t i o n 
r a t e s d u r i n g t h e g l o b a l So lu t i on 
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Distr ibut ion of the 3 sites of the terrestrial frame SSC(FSG) 94 M Ol. 

4 6 

UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of o x , a y , a z ) for the 5 
s tat ions of the terrestrial frame SSC(FSG) 93 M Ol. 
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EOP(FSG) 9 4 M 0 1 From Oct 1970 t o Jan 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

U n i t s : 0.001" for (p; 0.0001s for UT0. 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

7 
21 
62 

105 
68 
82 
77 
70 
58 
62 
68 
29 
3 
6 

78 
175 
42 
39 
49 
51 
98 
63 
81 

102 

<P 
Sigma 

15.00 
15.00 
10.40 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
15.00 
6.84 

15.00 
7.85 
7.80 
4.00 
3.68 
1.46 
1.34 
1.47 
1.58 
1.76 
1.61 

ÜTO 
Nb 

7 
21 
62 

105 
68 
82 
77 
70 
58 
62 
67 
29 
3 
6 

78 
175 
42 
39 
49 
51 
98 
63 
81 

102 

Sigma 

10.00 
10.00 
3.92 

10.00 
10.00 
10.00 
7.02 

10.00 
10.00 
10.00 
10.00 
10.00 
3.39 

10.00 
4.96 
3.61 
1.75 
1.26 
0.94 
0.79 
0.84 
0.85 
1.30 
0.82 
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E A R T H R O T A T I O N (UTO-UTC A N D V A R I A T I O N O F L A T I T U D E ) F R O M L U N A R 
L A S E R R A N G I N G 

J P L 9 4 M 0 1 
XX N e w h a l l , J.G. W i l l i a m s , J .O. D i c k e y 
Jet P r o p u l s i o n L a b o r a t o r y , Ca l i fo rn i a I n s t i t u t e of T e c h n o l o g y , 
P a s a d e n a , C a l i f o r n i a 91109-8099, U S A 
( C o n t a c t : L O G O S : : J G W o r J G W @ L O G O S . J P L . N A S A . G O V ) 

L u n a r L a s e r R a n g i n g (LLR) d a t a h a v e b e e n a c q u i r e d a n d a n a l y z e d b e t w e e n 
A p r i l , 1970 a n d M a r c h , 1994. T h e s e d a t a a r e u s e d t o e s t i m a t e S ta t ion l o c a t i o n s , ref lec tor 
l o c a t i o n s , a n d l u n a r g r a v i t y a n d o r b i t p a r a m e t e r s . B e g i n n i n g i n 1970, d a t a a c q u i s i t i o n 
w a s suf f ic ien t ly d e n s e t o p e r m i t d e t e r m i n a t i o n s of E a r t h r o t a t i o n UTO a n d Var ia t ion of 
l a t i t u d e ( V O L ) . V a l u e s of U T O - U T C a n d V O L t h r o u g h 1992 h a v e b e e n s u b m i t t e d 
p r e v i o u s l y ; 83 s u c h v a l u e s w e r e d e r i v e d f r o m d a t a a c q u i r e d in 1993 , a n d 20 v a l u e s 
w e r e o b t a i n e d f r o m e a r l y 1994 d a t a . 

T h e füll r ä n g e d a t a se t c o m p r i s e s 8582 n o r m a l p o i n t s t a k e n f r o m f ive s i t es : 
t h e M c D o n a l d O b s e r v a t o r y 2 . 7 - m e t e r t e l e s c o p e ; t h e M c D o n a l d L a s e r R a n g i n g S t a t i o n 
( M L R S , s i t u a t e d i n s e p a r a t e l o c a t i o n s b e f o r e a n d a f te r a m o v e i n e a r l y 1988) ; t h e 
H a l e a k a l a O b s e r v a t o r y o n M a u i , H a w a i i ; a n d t h e C E R G A S y s t e m in G r a s s e , F r a n c e . 
T h e s e n o r m a l p o i n t s a r e u s e d t o e s t i m a t e t h e s e t of l u n a r a n d E a r t h - r e l a t e d 
p a r a m e t e r s . T h e pos t - f i t r e s i d u a l s a r e a n a l y z e d b y t h e d a i l y - d e c o m p o s i t i o n m e t h o d 
( D i c k e y et al, 1985) t o o b t a i n e s t i m a t e s of UTO-UTC a n d Var i a t ion of l a t i t u d e for e a c h 
s t a t i o n - r e f l e c t o r p a i r o n e v e r y d a y for w h i c h suf f ic ien t d a t a a r e a v a i l a b l e . T h i s s e t of 
v a l u e s is d e s i g n a t e d EOP(JPL) 94 M Ol. 

T h e I A U e x p r e s s i o n h a s b e e n u s e d for G r e e n w i c h m e a n s i d e r e a l t i m e ( A o k i 
et al, 1982). T h e p l a n e t a r y a n d l u n a r e p h e m e r i s u s e d i n t h e fit w a s D E 2 4 7 / L E 2 4 7 . T h e 
l u n a r l i b r a t i o n s w e r e i n t e g r a t e d s i m u l t a n e o u s l y w i t h t h e e p h e m e r i s . 

P l a t e m o t i o n h a s b e e n a p p l i e d to t h e S ta t ion c o o r d i n a t e s u s i n g t h e N N R -
N U V E L 1 m o d e l of A r g u s a n d G o r d o n (1991). T h e b a s e e p o c h for p l a t e m o t i o n is 
J a n u a r y 1 ,1991 (Ju l ian d a y n u m b e r 2448257.5). 

T h e t i d a l l y d r i v e n d i u r n a l a n d s e m i d i u r n a l U T l v a r i a t i o n s ( M 2 , S2 , N 2 , K l , 
O l , a n d P I ) , f r o m t h e m e a s u r e d r e s u l t s in H e r r i n g (1993), h a v e b e e n a d d e d to t h e i n p u t 
U T l file w h e n f i t t i ng t h e r a n g e s . C o n s e q u e n t l y , t h e O u t p u t t a b l e of UTO h a s t h e s e fast 
v a r i a t i o n s r e m o v e d a c c o r d i n g t o t h a t m o d e l . 

A c o r r e c t i o n t o t h e I A U l u n i - s o l a r p r e c e s s i o n c o n s t a n t (L i e ske et al, 1977; 
L i e s k e , 1979) h a s b e e n t a k e n a s -3.3 m a s / y r ( W i l l i a m s et al, 1993). T h e c o r r e c t i o n h a s 
b e e n m a d e s o a s n o t t o c a u s e a r a t e c h a n g e in U T (Wi l l i ams a n d M e l b o u r n e , 1982; Z h u 
a n d M u e l l e r , 1983) . A t h e o r e t i c a l o b l i q u i t y - r a t e c o r r e c t i o n of -0.24 m a s / y r ( W i l l i a m s , 
1994) h a s b e e n a p p l i e d . 

IERS(1994) Technical Note No 17. 
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T o t h e I A U n u t a t i o n s ( S e i d e l m a n n , 1982) w e h a v e a d d e d t h e Z M O A 
c o r r e c t i o n s (Herr ing et al, 1991a; 1991b) for t h e i n - p h a s e 9 yr, 1 y r , a n d h a l f - m o n t h 
t e r m s a n d fo r t h e i n - p h a s e a n d o u t - o f - p h a s e c o r r e c t i o n s for t h e h a l f - y e a r t e r m s . 
C o r r e c t i o n s to t h e 18.6 yr nutat ion coefficients w e r e e s t imated , y i e l d i n g 

Ae = 1.9 cos Q + 0.9 s in ß m a s 

s i n e A \|f = - 1 . 7 s in ß + 0.7 cos Q m a s 

The c o n s t r a i n t of t h e t w o i n - p h a s e t e r m s (Wi l l i ams et al, 1991) i n c l u d e s a 
c o r r e c t i o n for t h e p r e c e s s i o n c h a n g e a n d a c o n n e c t i o n b e t w e e n t h e c h a n g e s of t h e t w o 
c o m p o n e n t s . T h e t w o o u t - o f - p h a s e c o m p o n e n t s a r e c o n s t r a i n e d t o b e i n t h e r a t i o of 
0.78. Sub jec t t o t h e c o n s t r a i n t , t h e u n c e r t a i n t y i n t h e n u t a t i o n coef f ic ien ts is a b o u t 1.2 
m a s , a n d t h e p r e c e s s i o n u n c e r t a i n t y is 0.4 m a s / y r . W i t h o u t t h e c o n s t r a i n t t h e s e 
u n c e r t a i n t i e s w o u l d b e l a rge r . 

W i t h t h e p r o d u c t i o n of t h e 1993 v a l u e s of U T O - U T C a n d V O L a s e t of 
g e o c e n t r i c S t a t i o n l o c a t i o n s h a s b e e n e s t a b l i s h e d . T h e I E R S d e s i g n a t i o n is SSC(JPL) 
9 4 M 0 1 . 

T h e S e p a r a t i o n b e t w e e n t h e H a l e a k a l a t r a n s m i t t e r a n d r e c e i v e r c o n f o r m s t o 
a s u r v e y . A r ä n g e b i a s is e s t i m a t e d for H a l e a k a l a b e g i n n i n g i n J a n u a r y , 1990. T h e 
s e p a r a t i o n s b e t w e e n t h e M c D o n a l d s i tes w e r e c o n s t r a i n e d t o s u r v e y v a l u e s . 

T h e a p p r o x i m a t e u n c e r t a i n t i t i e s in e a c h of t h e s p h e r i c a l c o o r d i n a t e s for al l 
s t a t i o n s a r e : g e o c e n t r i c r a d i u s , 3 c m ; l o n g i t u d e , 1 m a s (3 c m ) ; a n d l a t i t u d e , 1.4 m a s 
(4 c m ) . E a c h of t h e t h r e e s p h e r i c a l c o o r d i n a t e s of t h e t h r e e e s t i m a t e d s i t e s h a s 
s i g n i f i c a n t c o r r e l a t i o n w i t h t h e c o r r e s p o n d i n g c o o r d i n a t e of t h e r e m a i n i n g t w o s i t e s ; 
t h e s e c o r r e l a t i o n s a r e p o s i t i v e , i m p l y i n g t h a t t h e c o o r d i n a t e s sh i f t t o g e t h e r in t h e 
e s t i m a t i o n p r o c e s s . 

I t s h o u l d b e n o t e d t h a t t h e M c D o n a l d 2.7 m t e l e s c o p e c e a s e d L L R ac t iv i ty i n 
J u n e , 1985. 

T h e S ta t ion l o c a t i o n s w e r e d e r i v e d u s i n g t h e f o r m u l a t i o n of t h e r e l a t i v i s t i c 
s o l a r - s y s t e m b a r y c e n t r i c f r a m e of r e f e r e n c e . T h e t r a n s f o r m a t i o n t o t h e r e l a t i v i s t i c 
g e o c e n t r i c f o r m u l a t i o n r e q u i r e s t h e a p p l i c a t i o n of a sca le factor . 

A c k n o w l e d g m e n t s . W e w i s h t o a c k n o w l e d g e a n d t h a n k t h e s ta f f s of C E R G A , 
H a l e a k a l a , t h e U n i v e r s i t y o f T e x a s M c D o n a l d O b s e r v a t o r y , a n d t h e L u n a r L a s e r 
R a n g i n g a s s o c i a t e s . N o r m a l p o i n t s w e r e c o n s t r u c t e d f r o m i n d i v i d u a l p h o t o n r e t u r n s 
b y R. R ick le f s , P . S h e l u s , A . W h i p p l e , a n d J. R ies a t t h e U n i v e r s i t y of T e x a s for t h e 
M L R S a n d fo r H a l e a k a l a d a t a . D . O ' G a r a p r o d u c e d H a l e a k a l a n o r m a l p o i n t s 
i n d e p e n d e n t l y . C . Ve i l l e t p r o v i d e d n o r m a l p o i n t s for t h e C E R G A d a t a . T h e p l a n e t a r y 
e p h e m e r i s w a s p r o d u c e d b y E .M. S t a n d i s h . T h i s p a p e r p r e s e n t s t h e r e s u l t s of o n e 
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p h a s e of r e s e a r c h c a r r i e d o u t a t t h e Jet P r o p u l s i o n L a b o r a t o r y , C a l i f o r n i a I n s t i t u t e of 
T e c h n o l o g y , u n d e r c o n t r a c t w i t h t h e N a t i o n a l A e r o n a u t i c s a n d S p a c e A d m i n i s t r a t i o n . 

R e f e r e n c e s 

A o k i , S., G u i n o t , B. , K a p l a n , G . H . , K i n o s h i t a , H . , M c C a r t h y , D . D . , a n d S e i d e l m a n n , 
P.K. , 1982: T h e N e w D e f i n i t i o n of U n i v e r s a l T i m e , Astron. Astrophys., 1 0 5 , 1 . 

A r g u s , D . F . , a n d G o r d o n , R . G . , 1 9 9 1 : N o - N e t - R o t a t i o n M o d e l of C u r r e n t P l a t e 
Ve loc i t i e s I n c o r p o r a t i n g P l a t e M o t i o n M o d e l N U V E L - 1 , Geophys. Res. Lett., 18 , 2039. 

D i c k e y , J .O. , N e w h a l l , XX, a n d W i l l i a m s , J. G. , 1985: E a r t h O r i e n t a t i o n f r o m L u n a r 
L a s e r R a n g i n g a n d a n E r r o r A n a l y s i s of P o l a r M o t i o n S e r v i c e s , / . Geophys. Res. , 9 0 , 
B l l , 9353 . 

H e r r i n g , T. A . , 1991a : T h e Z M O A - 1 9 9 0 N u t a t i o n S e r i e s , i n Proceedings of the 127th 
Colloquium of the International Astronomical Union, Reference Systems, J. A . 
H u g h e s , C . A . S m i t h , a n d G. H . K a p l a n , e d s . , U . S. N a v a l O b s . , W a s h i n g t o n , p . 157. 

H e r r i n g , T. A. , Büffet , B. A . , M a t h e w s , P . M. , a n d S h a p i r o , I. I., 1991b: F o r c e d M o t i o n s 
of t h e E a r t h : I n f l u e n c e of I n n e r C o r e D y n a m i c s : 3 . V e r y L o n g B a s e l i n e I n t e r f e r o m e t r y 
D a t a A n a l y s i s , / . Geophys. Res., 96 , 8259. 

H e r r i n g , T. A . , 1993 : D i u r n a l a n d S e m i d i u r n a l V a r i a t i o n s i n E a r t h R o t a t i o n , i n 
Advances in Space Research, v o l . 1 3 , N o . 1 1 , M . F e i s s e l , e d . , P e r g a m m o n , G r e a t 
Br i t a in , 147. 

L i e s k e , J. H . , L e d e r l e , T. , F r i c k e , W . , a n d M o r a n d o , B., 1977: E x p r e s s i o n s for t h e 

P r e c e s s i o n Q u a n t i t i e s B a s e d u p o n t h e I A U (1976) S y s t e m of A s t r o n o m i c a l C o n s t a n t s , 

Astron. Astrophys., 5 8 , 1. 

L i e s k e , J. H . , 1979: P r e c e s s i o n M a t r i x B a s e d o n I A U (1976) S y s t e m of A s t r o n o m i c a l 

C o n s t a n t s , Astron. Astrophys., 7 3 , 282. 

S e i d e l m a n n , P . K., 1982: 1980 I A U T h e o r y of N u t a t i o n : T h e F ina l R e p o r t of t h e I A U 

W o r k i n g G r o u p o n N u t a t i o n , Celest. Mech., 2 7 , 79. 

W i l l i a m s , J. G. , 1994: C o n t r i b u t i o n s t o t h e E a r t h f s O b l i q u i t y R a t e , P r e c e s s i o n , a n d 

N u t a t i o n , Astron. J. ( in p r e s s ) . 

W i l l i a m s , J. G . a n d M e l b o u r n e , W . G. , 1982: C o m m e n t s o n t h e Effects of A d o p t i n g 
N e w P r e c e s s i o n a n d E q u i n o x C o r r e c t i o n s , i n Proceedings, High-Precision Earth 

Rotation and Earth-Moon Dynamics: Lunar Distances and Related Observations, O . 
C a l a m e , e d . , D . R e i d e l , H i n g h a m , M A , p . 293 . 

W i l l i a m s , J .G . , N e w h a l l , XX, a n d D i c k e y , J . O . , 1 9 9 1 : L u n i - s o l a r P r e c e s s i o n : 
D e t e r m i n a t i o n f r o m L u n a r L a s e r R a n g e s , Astron. Astrophys., 2 4 1 , L9 . 
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Wi l l i ams , J.G., N e w h a l l , X X, and Dickey , J. O., 1993: Lunar Laser Rang ing: Geophys i ca l 
R e s u l t s a n d R e f e r e n c e Frames , i n Contributions of Space Geodesy to Geodynamics: 
Earth Dynamics, G e o d y n a m i c s Series 24, D . E. S m i t h a n d D . L. Turcotte, e d s . , A m e r i c a n 
G e o p h y s i c a l U n i o n , W a s h i n g t o n , D . C , 83 . 

Z h u , S. Y., and Muel l er , LI., 1983: Effects of A d o p t i n g N e w Precess ion , N u t a t i o n , a n d 
E q u i n o x Correct ions o n the Terrestrial Reference Frame, Bull. Geod., 57, 29. 

S u m m a r y s h e e t for t h e d e s c r i p t i o n of t h e terrestr ial S y s t e m a t t a c h e d to t h e se t of 
Station coord inates S S C (JPL) 94 M Ol 

1 - Technique: 
2 - A n a l y s i s center: 
3 - S o l u t i o n identifier: 
4 - Software used: 
5 - Relat ivity scale: 
6 - Permanent t idal correct ion o n stations: 
7 - Tectonic p late m o d e l : 
8 - Ve loc i ty of l ight (c): 

9 - Geogravi ta t ional constant (GMo): 

10 - Reference epoch: 
11 - Adjus ted parameters: 

12 - Def in i t ion of the origin: 
13 - Def in i t ion of the orientat ion: 

14 - Constra int for t i m e evo lu t ion: 

LLR 
JPL 
SSC(JPL) 94 M 01 
JPL LLR Software 
S S B 
N o separate correction. 
N N R - N U V E L 1 
299792458 m / s e c 

From e p h e m e r i s Solut ion 3986004428 1 0 1 3 

(SI). G M d o e s n o t i n f l u e n c e t h e LLR 
Station radii. 
January 1 ,1991 (JD 2448257.5) 
S p h e r i c a l c o o r d i n a t e s of s t a t i o n s (rates 
f i x e d ) f r o m fül l d a t a s p a n . D i f f e r e n c e s 
b e t w e e n t h r e e M c D o n a l d s i t e s a r e 
constra ined to s u r v e y s . 
Geocenter (center of m a s s ) 
Input Earth rotat ion v a l u e s f rom 1970 to 
early 1994 taken from a file from R. Gross 
(a v e r s i o n of C O M B - 9 3 g e n e r a t e d w i t h o u t 
LLR d a t a ) a l i g n e d w i t h IERS S y s t e m . 
Restr icted b y t h e uncerta int ies o n the file, 
s m o o t h e d Variation o f l a t i t u d e a n d UTO 
c o r r e c t i o n s w e r e m a d e f r o m LLR d a t a 
d u r i n g t h e g l o b a l S o l u t i o n for s t a t i o n s , 
o r b i t , 18 .6 y r n u t a t i o n s , e t c . D a i l y 
correct ions for U T 0 / V O L d o n e after g lobal 
fit. 
It w a s n e c e s s a r y t o s o l v e for o v e r a l l 
correct ions to t h e U T l a n d po lar m o t i o n 
rates in the i n p u t U T l / p o l a r m o t i o n file. 
Plate m o t i o n w a s not adjusted . 
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4 6 

UNCERTAINTIES (cm) 

10 

Distr ibut ion of the uncertaint ies (quadratic m e a n of o X / a y , a 2 ) for the 5 
s tat ions of the terrestrial frame SSCflPL) 94 M Ol. 
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EOP(JPL) 94 M Ol From A p r 1970 to Mar 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 

Un i t s : 0.001" for q>; 0.0001s for UTO. 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 

Nb 

15 
34 
72 
102 
69 
87 
64 
68 
49 
65 
68 
45 
6 
0 

26 
111 
28 
19 
71 
42 
89 
56 
53 
83 
20 

<P 
Sigma 

14.95 
13.49 
8.80 

14.99 
12.04 
11.07 
9.04 
7.03 
7.77 
6.29 
5.57 
7.75 
7.83 

5.06 
6.40 
4.77 
3.62 
2.06 
1.67 
1.60 
1.29 
0.95 
1.20 
0.76 

UTO 
Nb 

15 
34 
72 

102 
69 
87 
64 
68 
49 
65 
68 
45 
6 
0 

26 
111 
28 
19 
71 
42 
89 
56 
53 
83 
20 

Sigma 

10.54 
7.92 
5.41 
8.06 
6.88 
7.37 
5.47 
4.29 
5.44 
4.46 
3.85 
4.03 
4.70 

2.66 
2.57 
1.76 
1.10 
1.05 
0.91 
0.99 
0.77 
0.68 
1.00 
0.42 
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D E T E R M I N A T I O N O F U N I V E R S A L T I M E BY L U N A R L A S E R R A N G I N G 
S H A 94 M Ol 

J in W e n j i n g , X u H u a g u a n , H u a n g C h e n g l i , S h a n g h a i O b s e r v a t o r y , C h i n a 

L u n a r L a s e r R a n g i n g (LLR) d a t a h a v e b e e n a n a l y z e d d u r i n g J D 2447187.0 - JD 
2449345 .0 . T h e s e d a t a s e t of M c D o n a l d (71111 , 71112) , G r a s s e (1910) a n d H a l e a k a l a 
(56610) c o n t a i n 3030 n o r m a l p o i n t s r e f l ec ted f r o m f o u r re f lec to rs . 

T h e o r e t i c a l m o d e i s a n d a s t r o n o m i c a l c o n s t a n t s ( so l id e a r t h t i d e a n d o c e a n 
t i d e e tc ) w e r e a d o p t e d f r o m IERS S t a n d a r d s (1992). T h e i n f l u e n c e of p l a t e m o t i o n is 
t a k e n i n t o a c c o u n t w i t h t h e N U V E L m o d e l . T h e b a s e e p o c h for p l a t e m o t i o n is 
J a n u a r y 1 , 1 9 8 8 . T h e re la t iv i s t i c effects ( p r o p a g a t i o n c o r r e c t i o n , sca le fac tor a n d L o r e n t z 
effect) a r e c o n s i d e r e d . T h e p l a n e t a r y e p h e m e r i s D E 3 1 0 / L E 3 1 0 a n d t h e l u n a r l i b r a t i o n s 
i n t e g r a t e d s i m u l t a n e o u s l y w i t h t h e e p h e m e r i s w e r e u s e d for c a l c u l a t i n g t h e 
t h e o r e t i c a l d i s t a n c e s f r o m t h e o b s e r v i n g s t a t i o n s t o t h e r e f l ec to r s o n t h e M o o n . In t h i s 
g l o b a l S o l u t i o n m o r e t h a n 50 p a r a m e t e r s l i k e S ta t ion a n d r e t r o - r e f l e c t o r c o o r d i n a t e s , 
l u n a r p o t e n t i a l , a n d o r b i t p a r a m e t e r s of t h e E a r t h - M o o n S y s t e m w e r e e s t i m a t e d . 

T h e pos t - f i t r e s i d u a l s a r e a n a l y s e d t o o b t a i n 365 v a l u e s of UTO-UTC d u r i n g 
t h i s p e r i o d . D u e t o t h e n e e d of s o l v i n g t h e n o r m a l e q u a t i o n , t h e s p a n b e t w e e n t h e first 
a n d l as t n o r m a l p o i n t s s h o u l d b e g r e a t e r t h a n 1.5 h o u r a n d m o r e t h a n t w o p o i n t s p e r 
d a y a r e n e e d e d . T h e c y l i n d r i c a l S ta t ion c o o r d i n a t e s p r o d u c e d a r e d e s i g n a t e d S S C ( S H A ) 
94 M 0 1 . 

T h e m a t h e m a t i c a l m o d e l is d e s c r i b e d i n J in et al (1985 ). UTO is c a l c u l a t e d in 
o n e d a y i n t e r v a l . T h e p r e c i s i o n of t h e n o r m a l p o i n t is t a k e n a s t h e w e i g h t of t h e 
o b s e r v a t i o n a l e q u a t i o n . 

A c k n o w l e d g m e n t s . W e w i s h t o t h a n k D r . V e i l l e t a n d D i c k e y w h o s u p p l i e d t h e 
p l a n e t a r y e p h e m e r i s D E 3 1 0 / L E 3 1 0 a n d t h e g loba l d a t a of l u n a r l ase r r a n g i n g . 

R e f e r e n c e s 

M c C a r t h y , D . D . ( ed . ) , 1992: IERS S t a n d a r d s 1992, IERS Technical Note 13, O b s e r v a t o i r e 

d e P a r i s , P a r i s . 

J in W e n j i n g , W a n g Q i a n g g u o , 1985: D e t e r m i n a t i o n of E R P w i t h l u n a r l a s e r r a n g i n g 

a n d d i s c u s s i o n of t h e i n f l u e n c e of t h e a d o p t e d p a r e m e t e r s , Proceedings of the 

international Conference on earth rotation and the terrestrial reference frame, p . 2 8 7 -

285. 

IERS(1994) Technical Note No 17. 
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S u m m a r y descr ip t ion of the terrestrial System at tached to the se t of Station c o o r d i n a t e s 
S S C ( S H A ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

4 - S o f t w a r e u s e d : 

5 - R e l a t i v i t y sca le : 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty of l igh t : 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) : 

10 - R e f e r e n c e e p o c h : 

11 - A d j u s t e d p a r a m e t e r s : 

12 - Def in i t i on of t h e o r i g i n : 

13 - De f in i t i on of o r i e n t a t i o n : 

LLR 

S H A 

S S C ( S H A ) 94 M 01 

S H A LLR Sof tware 

S S B 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Sta t ion: N o 

N U V E L 

299792458 

3.986004418 l O 1 * 

1988.0 

C y l i n d r i c a l c o o r d i n a t e s of s t a t i o n s ( r a t e s 
f ixed) 

G e o c e n t e r ( cen t e r of m a s s ) 

E O P f r o m 1988 t o 1993 t a k e n f r o m IERS 
c i r c u l a r B 

14 - C o n t r a i n t for t i m e e v o l u t i o n : C o n t r a i n e d t o N U V E L 
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Distr ibut ion of the 3 s i tes of the terrestrial frame SSC(SHA) 94 M Ol. 

E O P ( S H A ) 94 M Ol From Jan 1988 to Dec 1993 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncertaint ies 
U n i t s : 0.0001s for UTO 

YEAR UTO 
Nb Sigma 

1988 54 1.45 
1989 47 1.50 
1990 81 1.40 
1991 53 1.20 
1992 45 0.90 
1993 74 1.65 
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UTO A N D V A R I A T I O N O F L A T I T U D E D E T E R M I N A T I O N F R O M L U N A R LASER 
R A N G I N G O B S E R V A T I O N S FOR 1969-1993 

U T X M O 9 4 M Ol 

A . L. W h i p p l e , J. G y o r g y e y Ries , R. L. Ricklefs, P. J. She lus , J. R. W i a n t 
M c D o n a l d Observatory / D e p a r t m e n t of A s t r o n o m y 
T h e U n i v e r s i t y of Texas at A u s t i n , A u s t i n , Texas 78712 (USA) 

W e h a v e a n a l y z e d the total set of lunar laser rang ing data avai lable to u s to 
d e t e r m i n e UTO-UTC. These data w e r e acquired b e t w e e n S e p t e m b e r , 1969 a n d March , 
1994. A total of 8962 normal po in t s , from the M c D o n a l d Observatory 2 .7m t e l e s c o p e 
( w h i c h c e a s e d Operation in 1985), the M c D o n a l d Laser R a n g i n g Station ( sadd le s i te a n d 
Mt. F o w l k e s s i te) near Fort D a v i s , Texas , the Haleaka la Observatory o n M a u i , H a w a i i 
( w h i c h c e a s e d Operation in 1990) a n d the C E R G A Station in Grasse , France w e r e u s e d 
in this Solut ion. The data w e r e e d i t e d a n d w e i g h t e d u s i n g a n a u t o m a t e d a n d object ive 
s c h e m e w h i c h ident i f i e s s u s p e c t e d out l iers a n d adjusts Station a s s i g n e d w e i g h t s to 
y i e l d c o n s i s t e n t d i s t r ibut ions of t h e w e i g h t e d r e s i d u a l s for all s ta t ions . There w e r e 
suff ic ient data for 955 s ta t ion /re f l ec tor pair e s t imat ions of UTO-UTC i n c l u d i n g 89 UTO 
e s t i m a t e s , o n 6 5 n i g h t s , in 1993. This is an increase of a p p r o x i m a t e l y 14% o v e r last 
year. 

Our m e t h o d of analys i s w a s s imilar to that descr ibed b y Lang ley et al. (1981). 
W e first u s e d t h e MIT Planetary E p h e m e r i s Program (PEP) to e s t imate correct ions to 
t h e g loba l parameters . T h e IERS Standards w e r e u s e d w i t h correct ions m a d e to the 
m a s s of the E a r t h - M o o n Sys tem, the cons tant of preces s ion , ob l iqu i ty of the ec l ipt ic , 
a n d the 18.6 y e a r , annua l , s e m i - a n n u a l , a n d fortn ight ly nuta t ion terms. A d j u s t m e n t s 
to t h e M I T ITR-78 So lut ion w e r e m a d e for the Ear th -Moon barycenter orbit , lunar 
orbit, a n d lunar l ibration. T h e n o d e of the Earth-Moon barycenter orbit w a s f ixed to tie 
the l o n g i t u d e o f the ce les t ia l reference frame. The AMO-2 p la t e m o t i o n m o d e l w a s 
u s e d w i t h o u t a d j u s t m e n t . O u r a pr ior i Earth o r i e n t a t i o n s e r i e s w a s t h e M I T 
U T 1 C O M 4 2 / W O B C O M 2 9 unti l 2 Apri l 1988 (MJD 47253.0) f o l l o w e d b y the U n i v e r s i t y 
of T e x a s C e n t e r for S p a c e Research (CSR) EOP(CSR) 93 L 02. W e h a v e b i a s e d the 
U T 1 C O M 4 2 / W O B C O M 2 9 series to the EOP(CSR) 93 L 02 ser ies to r e d u c e the arbitrary 
b ias b e t w e e n o u r UTO series a n d the IRIS VLBI 5 -day a n d CSR SLR 3 -day series . W e 
e s t i m a t e d a p i e c e w i s e l inear s p l i n e for the po lar m o t i o n c o m p o n e n t s a n d U T l to 
m o d e l l o n g p e r i o d def ic iencies in the series . T h e or ientat ion of the terrestrial reference 
frame w a s t ied b y f ix ing the z e r o p o i n t of the a priori ERP adjus tments at 11 January 
1985 (MJD 46076.0) . T h e Station coord inates , i n c l u d i n g a füll correlat ion matrix , h a v e 
b e e n p r o v i d e d t o the IERS Terrestrial Frame Sect ion. W e a lso e s t imated a third d e g r e e 
a n d order lunar potent ia l , lunar l o v e n u m b e r , a n d lunar d i s s ipa t ion parameter a l o n g 
w i t h t h e s e l e n o c e n t r i c retroref lector c o o r d i n a t e s . Last ly , w e e s t i m a t e d t i m e d e l a y 
b iases , re lat ive to MLRS, for the M c D o n a l d 2.7m, Maui and CERGA data. 

IERS(1994) Technical Note No 17. 
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F o l l o w i n g t h e g l o b a l So lu t ion , w e a n a l y z e d t h e pos t - f i t r e s i d u a l s i n t h e u s u a l 
f a s h i o n (e .g. , S to lz et al, 1976) t o d e t e r m i n e n i g h t l y c o r r e c t i o n s t o UTO a n d Var i a t ion of 
l a t i t u d e . T h e n i g h t l y c o r r e c t i o n s w e r e t h e n a d d e d t o t h e E R P c o r r e c t i o n s c o n t a i n e d i n 
t h e s p l i n e s , a n d t h e a p r i o r i E R P s e r i e s t o o b t a i n t h e f ina l v a l u e s of U T O - U T C a n d 
V a r i a t i o n of l a t i t u d e . A m i n i m u m of t h r e e n o r m a l p o i n t s for e a c h s t a t i o n / r e f l e c t o r 
p a i r a n d a t l e a s t a 1.5 h o u r s p a n of c o v e r a g e w e r e t h e c r i t e r i a w e a d o p t e d for t h e 
n i g h t l y UTO e s t i m a t i o n s . T h e w e i g h t e d r o o t m e a n S q u a r e of t h e f ina l p o s t f i t r ä n g e 
r e s i d u a l s , for t h e e n t i r e s p a n of d a t a , w a s 5.1 c m . T h e w e i g h t e d r m s of t h e p o s t f i t 
r e s i d u a l s for t h e 712 n o r m a l p o i n t s o b t a i n e d b y t h e t w o a c t i v e s t a t i o n s d u r i n g 1993 w a s 
2.9 c m . 

W e h a v e c o m p a r e d o u r UTO a n d Var ia t ion of l a t i t u d e s e r i e s w i t h t h e N E O S 
VLBI se r i e s . W e c a l c u l a t e d t h e b i a s , s l o p e a n d w e i g h t e d r m s a b o u t t h e l i n e a r fit of t h e 
d i f f e r e n c e s b e t w e e n o u r UTOR a n d V a r i a t i o n of l a t i t u d e e s t i m a t e s a n d t h o s e i m p l i e d 
b y t h e N E O S U T l a n d p o l a r m o t i o n v a l u e s . I n t e r p o l a t i o n of t h e N E O S s e r i e s w a s 
p e r f o r m e d u s i n g a f o u r p o i n t N e w t o n i n t e r p o l a t i o n s c h e m e . T a b l e 1 g i v e s t h e r e s u l t s 
of t h i s c o m p a r i s o n for t h e p e r i o d w h e r e all s t a t i o n s o p e r a t e d w i t h s h o r t p u l s e l a s e r s 
(1986.5 t o 1994.2). 

T a b l e 1. C o m p a r i s o n b e t w e e n U n i v e r s i t y of T e x a s M c D o n a l d O b s e r v a t o r y L L R UTOR 
a n d V a r i a t i o n of l a t i t u d e ( D P h i ) a n d N E O S VLBI 5 - d a y v a l u e s . T h e p e r i o d of 
c o m p a r i s o n is 1986.5 t o 1994.2. T h e e p o c h of t h e l i nea r fit is 1990.5. 

Station 

CERGA 

MLRS 

Maui 

DUTOR: 
DPHI: 

DUTOR: 
DPHI: 

DUTOR: 
DPHI: 

Bias (mas) 

1.22 +/- 0.11 
-10.90 +/- 0.11 

5.07 + /- 0.50 
5.45 + /- 0.54 

4.10 +/- 0.64 
11.68 +/- 0.84 

Slope 

-1.47 
2.31 

-1.32 
-2.26 

0.84 
0.73 

(mas/yr) 

+ /- 0.06 
+/- 0.06 

+/- 0.21 
+/- 0.21 

+ /- 0.26 
+/- 0.35 

WRMS (mas) 

2.50 
3.41 

2.47 
4.10 

2.95 
3.85 

N 

327 

52 

48 

R e f e r e n c e s 

L a n g l e y , R . B . , K i n g , R . W . , S h a p i r o , I. I. , 1 9 8 1 : E a r t h R o t a t i o n f r o m L u n a r L a s e r 
R a n g i n g , / . Geophys. Res., 8 6 , 11913-11918. 

S t o l z , A . , B e n d e r , P .L . , F a l l e r , J.E., S i l v e r b e r g , E .C . , M u l h o l l a n d , J .D . , S h e l u s , P.J. , 
W i l l i a m s , J .G. , C a r t e r , W . E . , G u r n i e , D.G. , K a u l a , W . M . , 1976: E a r t h R o t a t i o n M e a s u r e d 
b y L u n a r L a s e r R a n g i n g , Science, 193, 997-999. 
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S u m m a r y d e s c r i p t i o n of t h e terrestrial Sys tem attached to t h e s e t of Stat ion coord ina te s 
S S C ( U T X M O ) 9 4 M 0 1 

1 - T e c h n i q u e : 

2 - A n a l y s i s C e n t e r : 

3 - S o l u t i o n iden t i f i e r : 

L L R 

U T / M c D 

U T X M O 94 M Ol 

4 - S o f t w a r e u s e d : P E P 

5 - R e l a t i v i t y sca le : S S B 

6 - P e r m a n e n t t i d a l c o r r e c t i o n o n Stat ion: N o 

7 - T e c t o n i c p l a t e m o d e l : 

8 - Ve loc i ty o f l i g h t ( C ) = 

9 - G e o g r a v i t a t i o n a l c o n s t a n t ( G M ) 

10 - R e f e r e n c e e p o c h = 

11 - A d j u s t e d p a r a m e t e r s : 

12 - D e f i n i t i o n of t h e o r i g i n : 

13 - D e f i n i t i o n of t h e o r i e n t a t i o n : 

AMO-2 

299792458 

3.98600443 1 0 1 4 (geocen t r i c ) 

1984.0 

X, cp, h 

G e o c e n t e r 

F i x e d to C S R E O P ( C S R ) 93 L 02 se r ies a t 
11 J a n 1985 

14 - C o n s t r a i n t for t i m e e v o l u t i o n : C o n s t r a i n e d t o AMO-2 
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of the terrestrial f rame SSC(UTXMO) 94 M Ol. 
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EOP(UTXMO)94 M Ol From Oct 1970 to M a y 1994 

N u m b e r of m e a s u r e m e n t s per year a n d m e d i a n uncerta int ies 

U n i t s : 0.001" for (tyO.OOOls for UTO 

YEAR 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 

Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
27 
33 
3 
0 
6 

44 
106 
24 
24 
57 
46 
89 
58 
52 
88 

<P 
Sigma 

46.90 
15.30 
8.50 

16.20 
7.60 
8.10 
7.60 
7.10 
8.30 
7.20 
6.50 
5.00 

5.60 
4.95 
8.20 
6.50 
9.05 
5.00 
4.10 
4.10 
3.65 
3.90 
4.00 

UTO 
Nb 

5 
11 
48 
56 
28 
41 
41 
29 
22 
27 
33 
3 
0 
6 

44 
106 
24 
24 
57 
46 
89 
58 
52 
88 

Sigma 

6.61 
5.39 
5.61 
5.53 
4.59 
5.54 
5.20 
4.42 
4.70 
4.43 
3.90 
4.21 

3.57 
4.05 
4.00 
3.22 
3.10 
2.64 
2.91 
2.60 
2.31 
2.57 
3.39 


